INTRODUCTION
Cerebral arteriovenous malformations (AVMs) are abnormal shunts between cerebral arteries and veins without interposition of capillaries. AVMs are frequently diagnosed in young adults, aged 20-40 years, most frequently as a result of an intracranial hemorrhage or seizures. 1 The annual bleeding risk is estimated as 2-33%, with a possible 40-70% lifetime risk. 2 3 Hemorrhage has high morbidity and mortality rates, with a 5-25% chance of death within 1 year and a 25-40% risk of permanent neurologic deficits. [4] [5] [6] [7] The treatment decision for AVMs is based on previous history of hemorrhage, lesion location, and anatomical risk factors for bleeding, such as deep brain location, deep venous drainage, initial presentation with hemorrhage, and associated aneurysms. 2 3 Treatment of AVMs can be performed using open surgery, stereotactic radiosurgery, or endovascular embolization therapy. A combination of these options is sometimes preferred. 7 Novel developments in imaging technologies, endovascular embolization material, as well as dedicated neuroradiology training have resulted in increased numbers of patients with AVMs that are eligible for endovascular therapy. [8] [9] [10] Recent published experience notes that endovascular treatment (EVT) results in 51% of total obliterated and 49% of incompletely obliterated AVMs with subsequent treatment. 8 Depending on the series, 21-50% of AVMs are embolized prior to surgical resections in order to shorten the procedure time and prevent excessive blood loss. 11 The most precise technique for description of the nidus, arterial inflow, and venous outflow of the AVM is conventional angiography, owing to its very high spatial resolution. 12 Precise description of compartments in the nidus of the AVM is stressed by many authors [13] [14] [15] [16] [17] : the presence of high flow fistulous shunts or intranidal aneurysms, compartments of the nidus core, and venous drainage of the AVM need to be recognized. During EVT of brain AVMs, superselective catheterization and angiography of the arterial feeders of the AVM are routinely performed before embolization. 18 Yao et al 19 have described a technique of superselective injection superimposed on the global angiogram to improve visualization of the angioarchitecture of the nidus. As threedimensional (3D) MR offers crucial anatomical landmarks, having the possibility of precisely matching those complementary modalities, it is likely to improve our analysis of AVMs prior to treatment.
We aimed to provide a superselective analysis of the arterial supply to AVMs coregistered with MR imaging prior to performing the first session of embolization. Navigation under the conditions of 3D-Roadmap and acquisitions in orthonormal registered projections were standardized, dedicated software allowed fast and precise overlay of multiple superselective angiograms on each other, and the accuracy of selective angiography and 3D MR coregistration were analyzed.
METHODS Patients
We prospectively enrolled 11 patients harboring an untreated AVM for whom we performed a diagnostic 3D MRI, digitally subtracted angiography (DSA) and 3D rotational angiography (3D RA), superselective catheterization, and at least one session of EVT. Our local ethics committee approved the proposed protocol and written informed consent was obtained from each patient.
Image acquisition Diagnostic 3D MRI
MR imaging was performed with a 3 T superconducting unit (Ingenia; Philips Healthcare, The Netherlands) using a 32 channel head coil. A slab was placed to include the whole brain from the foramen magnum to the vertex.
High resolution 3D T2 TSE
Patients were scanned prior to the procedure on a 3 T MR imaging system (Philips Ingenia 3T, Best, The Netherlands) using a 32 channel head coil. All examinations included a 3D TSE T2WI using the following parameters: sagittal plane covering the whole brain; 257 slices; TR/TE 2500/304, flip angle 90°, number of excitations 1; acquisition bandwidth of 637.5 kHz; FOV 240×240 mm; and voxel size 0.7×0.7×0.7 mm (interpolation of 0.5×0.5×0.5 mm). A total of 257 sections of 0.7 mm thickness were obtained. The imaging time was 5 min 55 s.
Diagnostic angiographic imaging
Biplanar DSA A 6 vessel selective cerebral angiogram with acquisitions in two orthogonal incidences (anteroposterior and lateral) was performed on an Allura flat detector based biplane angiographic system (FD20/10, Philips Healthcare). We used a previously published description of arterial blood flow to AVM, 20 considering the potential contribution of each major cerebral artery: middle cerebral artery, anterior cerebral artery, and posterior cerebral artery. The categories of branches supplying the AVM were defined as (1) dominant feeding artery, (2) supportive feeding artery, and (3) non-feeding artery. All acquisitions were performed on an Allura flat-detector based biplane angiographic system (FD20/10, Philips Healthcare).
3D rotational angiography
A total volume of 28 mL of iodine contrast material (Iomeron 300, Bracco, Milan, Italy), at a rate of 4 mL/s, were injected. The rotation started 3 s after the injection for the vessels with feeding arteries to the AVM. To obtain a 3D reconstruction, 120 two-dimensional (2D) images were registered at a rate of 30 frames/s, from -120°to +120°, at a speed of 55°/s. The datasets acquired into a 256 3 pixel matrix were directly transferred to a 3D workstation (Xtravision, Philips Healthcare), and reconstruction of the 3D volume was made from 100% to 140%, in order to obtain more information with a better resolution.
Analysis and planning of superselective imaging
Postprocessing of the 3D RA with advanced vessel analysis software from the Xtravision workstation (Philips Healthcare) was realized ( figure 1 ). A precise mapping of the malformation was obtained with identification of each feeding artery, as well as arteries at the border of the AVM, by combined analysis of the vessels of interest on anteroposterior and lateral views of the angiogram and the 3D RA. A plan for superselective angiographic acquisition was established, consisting of anticipating the projection that would give the best visualization of the origin of the branches, and allow the navigation and positioning of the catheter for injection of the contrast agent.
Superselective imaging
Navigation towards branches of interest was realized under 3D-Roadmap guidance.
3D-Roadmap technique
Navigation with 3D-Roadmap guidance was obtained with a machine based 3D-2D registration of 3D RA and real time 2D fluoroscopy data (figure 2). 21 22 After 3D RA acquisition, the Xtravision workstation allowed real time overlay of these two modes of acquisition 23 (conventional 2D angiogram and 3D RA), regardless of any change in C arm position or magnification. As the acquisition of both modalities is realized by the flat detector C arm without any movement of the head of the patient under general anesthesia, accuracy is submillimetric. Superselective catheterization of targeted vessels was made under 3D-Roadmap by altering the C arm position to reach the best catheterization incidences, as scheduled in the planned analysis of the diagnostic DSA. The correspondence between 2D fluoroscopy and 3DRA corresponding projection is almost immediate (approximately 1.5 μs).
Superselective angiography
Conventional DSA runs were acquired in two orthogonal incidences (stationary anteroposterior and lateral planes) at registered magnification and field of view after manual injection of 1-2 mL of iodine contrast material (Iomeron 300, Bracco). Superselective angiograms were stored in XtravisionWorkstation and sent to the picture archiving and communication system (PACS) and a Macintosh workstation (Apple Inc, Cupertino, California, USA) with OsiriX installed (OsiriX Foundation, Geneva, Switzerland).
Image postprocessing
Each superselective angiogram was overlaid automatically and in real time with 3D RA using the Xtravision workstation ( figure 3 ).
For the purpose of specific analysis of the AVM angioarchitecture, superselective acquisitions realized on a machine based registration in orthonormal projections could be overlaid on one another, or on the selective angiogram of other feeding arteries with the help of a software Plug-in developed for this purpose under OsiriX (see online supplemental data). The angiographic acquisitions could be overlaid with 3D MR datasets.
Mutual information coregistration technique 3D MR/ angiographic fusion
Three-dimensional MR datasets available on the PACS system of our institution (Isite, Philips Healthcare) were uploaded onto the dedicated workstation (Xtravision, Philips Healthcare) and coregistered to the perioperative 3D RA by semi-automatic registration according to the mutual information criterion (figure 4). 24 This automated registration process takes less than 30 s per case. We validated and manually fine tuned the coregistration by applying correction in the three different planes by panning the 3D RA volume ( primary volume) slice to overlay with the underlying pre-acquired MR displayed as an MIP slice (overlay volume). The time taken to realize this registration was noted.
After registration the two volumes were fused and could be handled in a 3D space environment by rotating, zooming, and panning with selected rendering (maximum intensity projection (MIP), multiplanar reformation (MPR)) and slice thickness options. As the C arm system is used to obtain the 3D RA data, as well as the 2D fluoroscopy data, the relation between their respective coordinate systems is inherently known, as long as there is no patient motion. As a consequence, the image based registration of the MR and 3D RA datasets also registered the 3D RA and C arm coordinate systems. The live fluoroscopy images and superselective angiography could thus be overlaid with the 3D RA/MR fused data.
Evaluation of the accuracy of the image based registration of 3D RA/3D MR was retrospectively and independently performed after the treatment procedure on the dedicated workstation (Xtravision, Philips Healthcare) with the aim of analyzing the maximal discrepancy between arterial feeders imaged by angiograms and arterial feeders visible on 3D MR for the image based registration technique. Using this method, we evaluated the accuracy of the registration between the vessels in the three MR planes and performed measurements at three different locations (first portion of the middle cerebral artery or posterior cerebral artery called 'proximal artery', AVM 'perinidal artery', and arterial 'cortical branch') after multiplanar reformation for HiRes3DT2 sequences.
Analysis of superselective imaging
We recorded the number of vessels that were superselectively catheterized. A classification of anatomic subgroups for these vessels, according to previously published neurosurgical 15 25 and neuroradiologic descriptions, 18 was determined as follows: (1) terminal type arterial feeder; (2) collateral type arterial feeder; (3) 'en passant' branches; (4) normal vessels catheterized (blood flow to normal brain with no early venous drainage); and (5) arterial pedicles from border territories that corresponded to pial to pial collateral circulation.
We recorded the total number of arterial aneurysms, either proximal (visualized proximally on the circle of Willis) or more distal (observed on the superselectively catheterized branches).
We analyzed the superselective angiograms fused with the 3D MR datasets for correlation of vessel type with surrounding brain parenchyma.
RESULTS
Superselective imaging was performed in 11 men, aged 11-60 (mean 39) years (table 1). The principal operator who performed the superselective navigation had performed the preoperative analysis. Seventy-nine vessels were targeted for superselective catheterization. The clinical data of the patients and the results of the arterial feeder superselective mapping of the AVMs are summarized in table 1.
We were able to navigate the microcatheter in 74 out of 79 targeted positions, which gave an overall success rate of 94%. Each patient's superselective angiogram could be analyzed with the dedicated software with multiple superimpositions in the anteroposterior and lateral views. These superselectively catheterized vessels were classified into five subgroups: feeders to the AVM were found for a total of 32 for terminal type arterial feeders, 16 for collateral type arterial feeders, and 4 for 'en passant' branches. A total of 15 normal vessels with blood flow only to normal brain with no early venous drainage were catheterized. Seven vessels corresponding to pial to pial collateral circulation were opacified.
Two proximal aneurysms were visualized on the global injections, and there were six distal aneurysms on the superselectively catheterized branches.
The mean time to perform the superselective catheterization corresponded to 30% of the total procedure time. No complications were encountered during superselective navigation or acquisition.
Coregistration of 3D MR/3D RA/angiogram
Registration with the perioperative 3D RA reconstruction took less than 1 min, due to the efficient calculation of the mutual information criterion by employing the processing power of the graphics hardware. After the software based registration technique, a second registration process was performed by the Type of arterial feeders targeted and superselectively catheterized, and presence of arterial aneurysms. AVM, arteriovenous malformations; SM, Spetzler-Martin.
physicians and allowed for more precise registration. This process took 1-2 min more, and thus allowed 3 min for the considered accurate coregistration. After automatic registration, measures ranged from 0.34 to 2.38 mm. The mean discrepancies for 'proximal artery', 'perinidal artery', and 'cortical branch' were, respectively, 1.05(± SD 0.29), 1.29±0.35, and 1.22±0.24 mm. There was no difference between the means in the three locations when compared with one another ( p>0.05).
In fact, the maximum registration error when automatically aligning anatomic landmarks was less than 2 mm; this error became submillimetric for HiresT2 after manual re-registration by the physicians.
DISCUSSION
Superselective catheterization is the requisite step for performing EVT by intranidal injection of embolic material. This technique and the material used are highly dependent on careful selection of the pedicles to embolize, with consideration of the potential length of reflux. Injections through the microcatheter after superselective catheterization helps to evaluate the flow dynamics of the lesion and to confirm the ideal wedge position of the microcatheter prior to performing the embolization.
18
Superselective imaging can help determine the type of feeding arteries supplying the nidus core separately which can thus be classified into anatomic subgroups, according to previously published neurosurgical 15 25 and neuroradiologic descriptions, 18 as follows: (1) terminal type arterial feeder; (2) collateral type arterial feeder; (3) 'en passant' branches; (4) normal vessels (blood flow to normal brain with no early venous drainage); and (5) arterial pedicles from border territories corresponding to pial to pial collateral circulation.
The interest in superselective catheterization for the description of AVM compartments, or to be overlaid with more global angiography, is well known. 13 19 Many authors, including Yasargil, Lo, Yamada, and Kakizawa, [13] [14] [15] [16] [17] have given descriptions of compartments in the nidus of the AVM. Yao et al 19 have described the advantages of a technique of superselective injection superimposed with the guiding catheter injection simultaneously in the same run to improve visualization of the angioarchitecture of the nidus.
With our protocol, all superselective acquisitions are realized in orthonormal projections, allowing advanced image postprocessing on machine based or image based registration techniques to overlay with other imaging modalities. The projection used to select the origin of a feeding artery is different from the one used for navigation toward the nidus as well as the working projection to perform the injection of embolic material. The 3D-Roadmap technique allows you to switch quickly in between these various scenarios 22 without patient or table movements. The processed 3D RA images are static, ignoring critical information of the angiogram, especially superimposition of the veins obscuring nidus details. The ability to overlay dynamic datasets from superselective angiography on 3D RA images is thus interesting.
The accuracy and speed of realizing the superimposition of each superselective angiogram by dedicated software greatly benefits from acquisitions in orthonormal projections. We are able, per procedure, to analyze separately or in combination each type of feeding artery supplying the AVM, as well as the arterial supply to the normal brain, which could help define a treatment strategy with regard to embolization sessions. Injection of the liquid embolic agent can be performed in a live fashion under the condition of image fusion of MR and 3D RA. The opacity of the overlay can be modified to increase the visibility of the embolic agent, and alteration of the anterior plane position can provide various incidences to refine the understanding of its deposition inside the vascular bed and especially venous outflow.
As all superselective angiograms are stored on our PACS, we are able to retrospectively analyze these datasets for refining our understanding of the complex angioarchitecture of the AVM nidus core, 26 27 and scrutinize the presence of intranidal aneurysms or analyze the compartments of the AVM.
Acquisitions under the condition of 3D-Roadmap navigation allow the use of advanced coregistration with other imaging techniques, such as 3D MRI for multimodal analysis of the AVM angioarchitecture. High resolution 3D T2 anatomical sequences enable the different cerebral gyri and sulci to be clearly identified. The possibility to link the most accurate 3D RA imaging modality of the AVM nidus with 3D imaging of the brain MR and overlay fluoroscopy navigation with those 3D RA/MR images can help in providing safer treatment.
The use of imaging fusion technique in combination with MR angiography and 2D fluoroscopic visualization for intracranial endovascular navigation and treatment 28 or for endovascular therapy of aortic abdominal aneurysms 29 or uterine artery embolization, 30 to reduce the use of contrast agent or x-Ray exposure, has recently been emphasized.
The anatomical information produced by this technique could also benefit other modalities of treatment, such as radiosurgery, 31 32 surgical treatment of brain AVMs with roadmapping guidance, or the use of neuronavigation systems. 33 In the follow-up of treated AVMs, superselective angiographic exploration could help clarify the dysplastic vessels visualized around the treated AVM that might result in further bleeding. 34 However, the technique has some limitations. During microcatheterization, because of microcatheter rigidity, distortion of the course of the artery can occur on 3D images. Nonetheless, in our experience, alteration in the shape of the artery does not preclude safe catheterization and analysis of the targeted pedicle, and dedicated software is under development to address this issue. The registration technique is not fully automated and thus could be improved for better reproducibility by developing further algorithms for registration. Landmarks used for registration were mostly osseous landmarks for the 3D RA datasets, and osseous landmarks are less on the MR technique. Manual tuning of the automated registration by the operator is one step that remains cumbersome, take time, and might introduce bias.
A further limitation inherent in the techniques is that DSA-MR fusion may have some image distortions, which include the distortions inherent in 3D RA and MR images, such as pin cushion distortion and S distortion, and those associated with image fusion. 35 
CONCLUSION
We have developed a protocol to describe the various types of arterial supply to the AVM. Under 3D navigation, nearly all of the direct arterial feeders to the AVM could be superselectively catheterized, and the angiograms realized in orthonormal projections allowed accurate and fast image overlays for refined analysis of the nidal angioarchitecture. We were able to superimpose the superselective angiograms of AVM nidus compartments to the precise anatomical landmarks with regards to sulci and gyri from 3D MR, providing useful information for a therapeutic approach.
